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ABSTRACT
Microplot experiments were established in 1992,1993, and 1994 to investigate 
the relationships between the fungal pathogen Macrophomina phaseolina, and a nematode 
community comprised of Criconemella xenoplax and Tylenchorhynchus annulatus on 
grain sorghum in Louisiana. A factorial treatment arrangement was employed and 
consisted of two sorghum hybrids (De Kalb DK 50 and Pioneer hybrid 8333), three 
levels of M. phaseolina (0,10, and 100 colony forming units (cfu)/g soil) and three 
nematode inoculum levels (0, X, and 2X). Nematode inoculum at X levels were 929,
1139, and 1445 for C. xenoplax and T. annulatus per pot in 1992,1993, and 1994, 
respectively. Plants were harvested after 95 - 105 days. In all three years, grain sorghum 
root and head dry weights were reduced as both fungus and nematode inoculum levels 
increased. Reproduction of both nematode species was suppressed by M. phaseolina. 
Interactions between M. phaseolina and nematodes were antagonistic with regard to plant 
dry weights, yield, and nematode reproduction.
Possibility of competitive interactions between T. annulatus and C. xenoplax 
when grain sorghum roots were colonized by M. phaseolina were studied quantitatively in 
the greenhouse using a modified plant ecology technique known as replacement series. 
Soil in pots containing Pioneer hybrid 8333 grain sorghum were infested with 1,000 
vermiform nematode in the following T. annulatus : C. xenoplax ratios: 1.00:0.00, 
0.75:0.00, 0.50:0.00, 0.25:0.00, 0.00:1.00, 0.00:0.75, 0.00:0.50, 0.00:0.25,
0.25:0.75, 0.50:0.50,0.75:0.25, and 0.00:0.00. M. phaseolina was either absent or 
present at 10 cfu/g soil. Two replicative tests were conducted in 1995. Results indicated 
that relative yields of T. annulatus and C. xenoplax in single culture were significantly 
higher than hypothetical model lines representing equal inter- and intraspecific 
competition. M. phaseolina affected relative yields of C. xenoplax, but not T. annulatus. 
Root and stem weight were reduced by M. phaseolina by 38 and 31%, respectively. In
the absence of M. phaseolina, T. annulatus reduced root weight by 43%, whereas C. 
xenoplax had no effect. As M. phaseolina colonized roots, however, root weights were 





Fawcett's statement made six decades ago, " Nature does not work with pure 
cultures", is still profound and was a driving force behind this study. It is logical to 
assume that plant hosts are constantly exposed to a wide spectrum of microorganisms 
and, because they inhabit the same niche, these microorganisms may influence one 
another. Infection by one pathogen may alter host response to subsequent infection by 
another pathogen, and what is visually identified as a damage by a particular pathogen 
may actually be caused by several pathogens.
In many parts of the world, grain sorghum (Sorghum bicolor (L.) Moench) is a 
vital life-sustaining crop. It is cultivated on about 44 million hectares worldwide, 
particularly in areas where the average temperature is higher than 22 C (1.30). World 
grain production is estimated at 69 million tons per year (1.22,1.35). Because of the 
diversity of its uses and the range of environments in which it is cultivated, this plant 
species is constantly challenged by many pathogens and abiotic factors.
In Louisiana, grain sorghum is commonly grown as a rotation crop following 
soybean. During the last five years, acreage in the state averaged about 164,000 
acres/year, which yielded about 39 cwt/acre, mostly on heavy soil (1.2,1.3,1.4,1.5).
The hybrids used in this study, De Kalb DK 50 [DK 50] and Pioneer hybrid 8333 [P 
8333], are widely grown in Louisiana. They differ in maturity; DK 50 is listed as an 
early maturity hybrid (51 days to heading), whereas P 8333 is listed as early-medium 
maturity (61 days to heading). Planting date is one of the most important cultural 
practices to maximize grain yield. In order to avoid severe insect and disease pressure, 
planting at the earliest possible time within the recommended planting range (April 1 to 
May 1) is crucial (1.5).
Nematodes Associated w ith Sorghum 
Above-ground nematode injury may closely mimic that caused by other biotic and 
abiotic factors such as drought stress, nutrient deficiencies, other pathogens, and insects.
Nematodes destroy root cells during feeding. Reaction of tissue to digestive fluids, rich 
in pectolytic and proteolytic enzymes, secreted by most nematodes during feeding is the 
primary cause of injury (1.15). Because of extensive root dysfunction, severely infected 
plants are smaller, usually chlorotic, and have a tendency to wilt faster than non infected 
plants. Severity of damage caused by the plant-parasitic nematodes is dependent on 
population density and rate of reproduction of the nematode species, as well as host 
tolerance (1.45). Annual loss of grain and forage sorghum to nematodes averages 6% in 
the United States (1.49) and nearly 7% worldwide (1.48). The worldwide loss was 
estimated at US$ 600 million in 1987 (1.15,1.48).
Twenty species of nematodes are parasites on sorghum, and eleven of these are 
pathogenic (1.15,1.50). Known pathogenic species, both ectoparasites and 
endoparasites, are Meloidogyne incognita, Rotylenchulus borealus, Pratylenchus 
hexincisus, P. thornei, P. zeae, Criconemella sphaerocephala, Quinisulcius acutus, 
Trichodorus allius, Longidorus africanus, Tylenchorhynchus martini, and 
Tylenchorhynchus nudus (1.13,1.17,1.21,1.23,1.24,1.28,1.29,1.36,1.39). Important 
genera which cause yield loss in sorghum are Meloidogyne, Tylenchorhynchus, and 
Criconemella (1.13,1.24,1.28).
Both the stunt nematode Tylenchorhynchus annulatus (Cassidy) Golden and the 
ring nematode Criconemella xenoplax (Raski) Luc & Raski are ectoparasites. T. 
annulatus belongs to the group of most primitive parasites found in all continents except 
Europe (1.1). They feed only on epidermal cells and root hairs, remain completely 
outside of the root tissues, and pierce the cells with a relatively short stylet. The short 
term association with the host is not very specialized. Ectoparasitic feeding seen on 
young succulent roots of bermuda grass revealed that damage resulted from cell 
destruction, presumed injection of digestive enzymes, and removal of cell contents
(1.27). Lateral root feeding resulted in root pruning that affected water and mineral 
uptake and plant growth. Root tip feeding caused severe stunting and necrosis.
C. xenoplax is pathogenic on wide range of hosts (1.56, 1.57). This species has 
been implicated as a component of the peach disease syndrome that results in premature 
tree mortality (1.38). It feeds externally as a sedentary ectoparasite on a single-root 
cortical cell for 1-8 days (1.55). The host-parasite relationship is also short term and not 
very specialized (1.38).
Under greenhouse conditions, initial populations of 65 P. hexincisus individuals 
suppressed sorghum dry weight by 20% (1.36). Cuarezam-Teran and Trevathan (1.17) 
and Matalaote et al. (1.29) reported that 500 P. zeae individuals/L soil significantly 
reduced sorghum growth by 49%. Data further indicated that the relationship between 
initial nematode population and sorghum growth was quadratic. Kinlock (1.28) evaluated 
the influence of ring nematode, C. sphaerocephala, and found that 300 individuals/100 
cm3 of soil caused 10% yield reduction. Nematode damage to sorghum is mitigated by 
soil fertility. Under conditions o f low soil fertility, damage was greater than that 
observed in the absence of nutrient stress (1.29). Temperature also influences nematode 
pathogenicity, primarily as an indirect effect on the rate of reproduction. Initial 
populations of 125 T. allius individuals/100 cm3 of soil suppressed sorghum growth at 
15-25 C but not at 10 or 30-35 C, and the difference in sorghum growth impact resulted 
from differences in final nematode population densities. In other work, Hafez et al.
(1.24) demonstrated that 2,000 to 5,000 individuals of T. martini/250 cm3 soil decreased 
sorghum yield, whereas populations of 70 to 1,750 individuals had no detectable yield 
impact (1.52).
C harcoal Rot of Sorghum
Charcoal rot, the most common root and stalk rot of sorghum, is caused by the 
soilbome fungus Macrophomina phaseolina (Tassi) Goid (1.22). This species affects 
sorghum culture in the temperate, subtropical, and tropical climate zones. Grain yield 
losses up to 64% have been attributed to this fungus (1.35). In addition to sorghum, 
more than 400 plant species in 75 different plant families are hosts of this pathogen 
(1.19). Ten species presently placed in synonymy with M. phaseolina are Macrophomina 
phaseoli (Maubl.) Ashby, Macrophomina phillipines Petr., Macrophoma phaseolina 
Tassi, Macrophoma crochori Sawada, Macrophoma cajani Syd. & Butl., Macrophoma 
sesami Sawada, Sclerotium bataticola Taub., Rhizoctonia bataticola (Taub.) Briton-Jones, 
Rhizoctonia lamellifera Small, and Dothiorella cajani Syd. & Butl. (1.34).
The most diagnostic symptom of charcoal rot disease is lodging, which occurs at 
or near the time the plants reach maturity. The pathogen disintegrates pith and cortical 
tissue, leaving the lignified fibrovascular bundles suspended as separate strands in the 
hollow stalk, resulting in a weakened stalk that eventually lodges. The vascular bundles 
are covered with tiny black sclerotia, giving a charcoal appearance to the affected area. In 
addition to lodging, a variety of other symptoms have been associated with this disease, 
including root rot, soft stalks, premature drying of stalks, and poorly developed panicles 
which contain small inferior quality grain (1.22,1.26,1.34). M. phaseolina may also 
infect seedlings under conditions of high moisture and temperature, causing seedling 
blight or damping off (1.33).
The perfect stage of M. phaseolina has not been described. The fungus survives 
over seasons predominantly as small, black microsclerotia in diseased root and stem 
debris or in soil contaminated with infested plant debris (1.22,1.40). Microsclerotia are 
irregular in shape but mostly spherical to oblong. The size of microsclerotia, depending 
upon the culture medium or host material on which they grow, ranges from 60 to 200 pm
in diameter (1.19,1.34). These propagules are very persistent in soil. Even after 16 
months, 23% of sclerotia still germinated from sorghum stalks (1.22). Microsclerotia of 
this fungus produced on other hosts are also known to survive in a viable state for several 
years (1.19). M. phaseolina also has a pycnidial stage commonly found on fresh plant 
tissue following incubation under 12:12 light:dark photoperiod. Pycnidia have diameter 
of 100-250 Jim and are black and globose with truncate ostioles (1.34). The 
pycnidiospores are hyaline and single-celled, with a length:width ratio of 3:1.
Plant stress is an important predisposing factor which significantly affects the 
etiology of charcoal rot disease (1.41,1.46). Drought reduces vigor of plants which are 
predisposed to attack by M. phaseolina (1.46). Drought stress at grain filling period is 
the primary factor that triggers events leading to charcoal rot disease and plant lodging. 
Disease incidence has also been related to stress factors which occur during the 
translocation of carbohydrates from the stalks to grains. Thus, the disease is more 
important in high-yielding grain sorghum hybrids than in hybrids with lower yield 
potential (1.35). Steward and Lather (1.50) further indicated that environmentally 
stressed plants accumulated nitrogenous compounds such as asparagine and proline, and 
studies by Pearson et al. (1.42) demonstrated that M. phaseolina utilizes these two 
important amino acids.
Nem aiode-Fungus In terrela tionsh ips
Associations between nematodes and fungi were observed as early as 1892 when 
Atkinson reported increased severity of Fusarium wilt when cotton was also parasitized 
by root-knot nematode (1.9). In fact, nematode influence on Fusarium wilt expression is 
so profound that disease control is based on concomitant root-knot nematode control.
Such control also becomes necessary even if dealing with a cultivar resistant to Fusarium 
wilt. Nematodes may interrelate with soilbome fungi by acting as agents of
predisposition, by providing infection courts, and by modifying rhizosphere microflora 
(1.12,1.32,1.43).
During the last 20 years, nearly 30 reports detailed interrelationships between 
nematodes and M. phaseolina (1.7,1.8,1.36,1.44,1.51,1.54). The soybean cyst 
nematode, Heterodera glycines, affected charcoal rot disease severity in soybean (1.51). 
Colonization by M. phaseolina of root tissue susceptible or resistant to H. glycines was 
reduced when the nematode was controlled by nematicide. Alfieri et al. (1.7) reported 
that Ligustrum plants coinfected with M. phaseolina and M.javanica showed greater 
weight reduction and root necrosis, leaf chlorosis and abscission, and twig die-back than 
did plants infected by either organism alone. An antagonistic relationship was found 
between Meloidogyne javanica and the fungi Fusarium solani and Rhizoctonia bataticola 
(a synonym of M. phaseolina). Both fungi adversely affected multiplication of M. 
javanica and galling on groundnut (1.44).
The literature describing relationships between nematodes and M. phaseolina in 
sorghum is very limited. Norton (1.36) reported that the effects of M. phaseolina and P. 
hexincisus individually on sorghum were more severe under experimental drought 
conditions, but the severity of charcoal rot was not affected by P. hexincisus. This was 
probably due to the fact that the nematode did not invade the vascular tissue and interfere 
with water translocation, as occurs when Meloidogyne, which disrupts vascular tissue 
and infects french bean already infected with the charcoal rot fungus (1.8).
Com petition Between Pathogens
Competition is defined as mutually adverse impacts among organisms that utilize 
common resources in short supply (1.43). Intraspecific competition results from adverse 
interactions among organisms of the same species, whereas interspecific competition 
constitutes adverse interactions among different species (1.14). The nematode 
community on plant roots is dynamic. Each member constantly interacts with other
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members as well as with the plant, the environment, and other organisms. Competition is 
more severe between species with similar feeding habits, and competitive advantage 
increases as the host-parasite relationship becomes more complex (1.43). When 
competition among individuals in a species is greater than the competition between 
species, the two species can coinhabit (1.14). Antagonistic interrelationships can be 
caused by a spatial occupation or physical alteration or destruction of feeding sites, or by 
physiological alteration of the host that decreases its suitability (1.37). Ecological 
interrelationships affect reproductive capacity of the populations, whereas etiological 
interrelationships alter the development of plant disease (1.43). Ecological 
interrelationships between nematodes may benefit one or both species, have no effect, or 
interfere with well-being of one or both species. When reproductive capacity of a species 
is greater by itself than in combination with another species, competition between species 
occurs (1.10).
Competitive ability between pathogens can be measured quantitatively using 
replacement series (1.6). This technique was originally developed by de Wit and 
coworkers to study competitive interactions of herbaceous plant species (1.18) and 
currently has been widely used by plant population ecologists (1.25,1.47). In the 
replacement series experimental design (1.18), the relative proportions of the component 
of a mixture are varied, but the total density is kept constant. A constant total density of 
the components is applied to avoid confounding interspecific competitive effects with 
crowding effects. Generally, this technique is used to describe the dynamics and 
productivity of plant species mixtures (1.16,1.31,1.53). Recently, it was adopted to 
measure the relative competitive abilities of nematode species (1.20).
Competition between Tylenchorhynchus and Criconemella has been reported by 
Johnson (1.27). Under greenhouse conditions, more competition occurred between T. 
claytoni and C. ornata than between T. martini and Belonolaimus longicaudatus or C.
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ornata and B. longicaudatus. Reaction, however, varied according to cultivars. The 
objectives of this study were: 1) to evaluate the individual and interactive effects of M. 
phaseolina, T. annulatus, and C. xenoplax on growth and yield of grain sorghum; 2) to 
evaluate the effect of M. phaseolina on reproduction of these these nematodes; and 3) to 
examine competition between T. annulatus and C. xenoplax using the replacement series 
technique.
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CHAPTER 2
INTERRELATIONSHIPS AMONG MACROPHOMINA PH ASEO LINA, 
C RIC O N EM ELLA XE N O PLAX, AND TY LE N C H O R H YN C H U S  
A N N U A T U S  ON GRAIN SORGHUM (,SORGHUM BICOLOR )
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Introduction
Charcoal rot, caused by the fungus Macrophomina phaseolina (Tassi) Goid., is an 
important disease of grain sorghum (Sorghum bicolor (L.) Moench.) wherever the crop is 
grown (2.12,2.23). Symptoms associated with charcoal rot include root rot, decayed 
stalks, lodged plants, premature dying of stalks, and poorly developed panicles with 
small grain of inferior quality (2.17,2.23,2.26). The most diagnostic symptom of 
charcoal rot disease is lodging, which occurs as plants approach maturity 
(2.17,2.18,2.22). Grain yield losses of 23 to 64% have been attributed to M. phaseolina
(2.23). There is evidence that disease incidence is directly related to plant stress and that 
disease is most severe on grain sorghum hybrids with high yield potential (2.23,2.24).
Symptoms of nematode damage to sorghum in the field closely mimic those 
caused by drought stress, nutrient deficiencies, other diseases, and insects. Severely 
infected plants are usually smaller, chlorotic, and have a tendency to wilt as the result of 
extensive root dysfunction. Root cells are destroyed by nematodes during feeding, and 
reduced uptake of water and nutrients results. Reaction of tissue to digestive fluids, rich 
in pectolytic and proteolytic enzymes, secreted during feeding is probably the primary 
cause of injury (2.5). Twenty species of nematodes have been documented as parasites 
of sorghum and many of these are pathogenic (2.5,2.33). Estimated annual loss of grain 
and forage sorghum to nematodes averaged 6% in the United States (2.35) and 6.9% 
worldwide (2.33).
Sorghum is a minor crop in Louisiana and is commonly grown as a rotation crop 
following soybean (2.1). Preliminary survey of nematode species and their abundance 
on grain sorghum in Louisiana indicated that the stunt nematode, Tylenchorhynchus 
annulatus (Cassidy) Golden, and the ring nematode, Criconemella xenoplax (Raski) Luc 
and Raski (= Mesocriconema xenoplax (Raski) Loof & de Grisse), were most abundant 
(I. Weneffida, unpublished data).
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The individual effects of M. phaseolina (2.12,2.16,2.17,2.18,2.22) and common 
endoparasitic and ectoparasitic nematode species (2.5,2.8,2.9,2.10,2.15,2.20,2.25,
2.35) on grain sorghum are well documented. However, few investigators have 
evaluated the combined effects of these two pathogen groups on grain sorghum. Our 
objectives, therefore, were to evaluate: 1) the individual and combined effects of M. 
phaseolina, T annulatus, and C. xenoplax on growth and yield of grain sorghum, and 2) 
the interrelationships between these nematodes and M. phaseolina.
Materials and Methods
M. phaseolina inoculum production: Isolates of M. phaseolina were collected in 
1991 from lower stems of grain sorghum plants at Winsboro, LA, in a field that had been 
cropped to grain sorghum for 12 years. Cultures of the fungus were maintained at 4 C as 
mycelia and microsclerotia on wood toothpicks (2.22). Inoculum was produced in 
quantity by transferring 20-25 agar plugs (5 mm d) from 5-7 day old cultures to glass 
trays containing 300 g corn cob grits, 60 mesh (BIO-SERV, Frenchtown, NJ), 
moistened with 1 L of potato dextrose broth (Difco, Detroit, MI). This mixture of 
mycelia, microsclerotia, and grits was incubated at 30 C for 60 days, dried in a forced air 
oven at 30-35 C for 3 days, and powdered using a mortar and pestle. Numbers of colony 
forming units (cfu) per gram of dry inoculum were determined by dilution plating on 
potato dextrose agar (Difco, Detroit, MI) amended with rifampicin (100 mg dissolved in 1 
ml dimethyl sulfoxy), metalaxyl (224 mg a.i. as Ridomil 2E-G), and Tergitol NP-10 (1 
ml). Rifampicin, metalaxyl, and Tergitol were added after the medium was autoclaved 
and cooled to 55 C (2.6). Preliminary results indicated that there were no differences 
among isolates of M. phaseolina representing eight different sorghum producing parishes 
with regard to root colonization and pathogenicity on several different grain sorghum 
hybrids. Therefore, a single isolate from Winnsboro, LA, designated Mp4, was selected 
for use in all studies.
Nematode inoculum, identification, and production: Populations of ring and 
stunt nematodes were separated by hand-picking from communities which also contained 
trace amounts of lesion and spiral nematodes. Monoxenic cultures of these two 
parthenogenetic nematode species were derived from single females, maintained in a 
greenhouse on Pioneer hybrid 8333 grain sorghum, and used in all experiments. The 
ring nematode was identified as Criconemella xenoplax (Raski) Luc & Raski (2.29), and 
the stunt nematode was identified as Tylenchorhynchus annulatus (Cassidy) Golden 
(2.14).
Experiment design and microplot environment: The experiment design was a 
randomized complete block with factorial treatment arrangement Treatments were two 
grain sorghum hybrids (De Kalb DK 50 [DK 50] and Pioneer hybrid 8333 [P 8333]), 
three levels of M. phaseolina (0,10, and 100 cfu/g soil), and three nematode infestation 
levels (0, X, and 2X), each replicated four times. Nematode inoculum at X level was 
929 (52% stunt, 48% ring), 1139 (43% stunt, 57% ring), and 1445 (38% stunt, 62% 
ring) nematodes per pot in 1992,1993, and 1994, respectively. These were similar to 
preplant population densities observed in sorghum fields in Louisiana (I. Wenefrida, 
unpublished data). Nematode inoculum levels at 2X were twice those at X level.
Experiments were conducted during 1992, 1993, and 1994 in microplots, which 
consisted of large clay pots (30 cm d) containing 15 kg Convent silt loam soil (coarse- 
silty, mixed, non-acid, thermic Aerie Fluvaquent; 80.3% sand, 5.8% silt, and 13.9% 
clay). Prior to use, soil was fumigated using Vapam® (sodium methyldithiocarbamate, 
32.7%) at a rate of 12.5 ml/kg soil. Soil in each microplot was subsequently infested 
with M. phaseolina at 0,10, or 100 cfu/g soil. Microplots were buried in soil up to the 
pot rims. Seventy-two microplots were spaced 1 m apart in a 6 by 12 pattern. The entire 
area was covered by a 14-m-long by 9-m-wide aluminum quonset hut frame open at both 
ends that supported polyethylene greenhouse film (Monsanto 703). This covering was
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necessary to protect plants in microplots from excessive rainfalls common in southern 
Louisiana.
Experiment establishment: Planting and harvest dates were July 17 and October 
28, May 7 and August 23, May 4 and August 19, for 1992, 1993, and 1994, 
respectively. Grain sorghum seed were germinated on moist filter paper in darkness at 30 
C and sown in flats of methyl bromide (98% methyl bromide, 2% chloropicrin) 
fumigated soil. Two weeks later, seedlings of uniform size were transplanted to 8-cm-d 
plastic pots that contained 150 g fumigated soil infested with M. phaseolina at 0,10, or 
100 cfu/g soil. Five days later, the entire contents of the plastic pot (plant and soil) were 
transferred to appropriate pots in the microplot. Soil was amended with 112.5 kg/ha each 
of N (as (NH4 )2 NC>3 ) and K (as KC1) according to soil test recommendations. Half of 
these fertilizers was added to soil at transplanting and the remainder was added seven 
days later.
Nematode inoculum was added 4 days after transplanting seedlings in the 
microplots. Water alone or suspensions containing X or 2X levels of nematodes were 
pipetted into four depressions (6- and 10-cm deep by 1.5 cm d) surrounding the base of 
the seedling. Depressions were filled with fumigated soil following infestation.
Data collection and analysis: Plants were harvested 90,105, and 105 days after 
transplanting in 1992,1993, and 1994 respectively. Stems were excised 2.5 cm above 
the soil line and weights for roots and tops (1992) and roots, stems, and heads (1993, 
1994) were recorded after drying for 72 h at 60 C.
Four soil cores (2.5 cm d by 30 cm deep) were collected from each pot at harvest, 
and samples (150 g) were used to estimate nematode population densities in soil. Soil for 
nematode analysis was extracted using the centrifugal-flotation technique of Jenkins 
(2.19). Numbers of mature and immature vermiform life stages of each nematode species 
were counted, and totals per pot and reproductive value (R, where R = Pf/Pi, Pf = final
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population density, and Pi = initial inoculum level) were computed. Root systems were 
separated from soil by gentle washing with water.
Root colonization by M. phaseolina was estimated by randomly collecting ten 1- 
cm-long fragments from each root system. Fragments were surface sterilized in 0.525% 
sodium hypochlorite for 3 minutes, rinsed in sterile deionized water for 3 minutes, blotted 
with sterile filter paper, and aiTanged uniformly across the surface of a 90-mm-d petri 
dish containing 15 ml of selective medium (2.6). Cultures were incubated at 30 C for 5-7 
days in darkness, and the numbers of root fragments colonized by M. phaseolina were 
counted and multiplied by ten to estimate colonization percentage for each plant. Density 
of microsclerotia in the soil was determined at harvest from a 5-g subsample, according to 
the procedure of Cloud and Rupe (2.6).
Data were analyzed using SAS General Linear Models procedure (2.32) to test for 
main treatment effects and interaction among treatments. When the number of treatment 
levels exceeded two, means were separated using least significant difference (LSD).
Unless otherwise stated, differences noted as significant and highly significant indicate 
probability levels of P < 0.05 and 0.01, respectively. Interactions which were significant 
in two or more years are presented as figures. Those interactions which occurred in only 
one year are described within the text but figures are not presented.
R esults
Plant dry weights: M. phaseolina reduced grain sorghum root weight in all three 
tests (Table 2.1). Root weight was reduced in 1992 at both soil infestation levels, but 
there was no difference between levels. In 1993 and 1994, stepwise reductions in root 
weights were detected as levels of the fungus in soil increased. Across tests, mean root 
weight reductions were 26 and 31% at fungal densities of 10 and 100 cfu/g, respectively.
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Table 2.1. Grain sorghum dry weights as influenced by Macrophomina phaseolina 




Root Top Root Stem Head Root Stem Head
Fungus Of 18.7 a 64.3 a 98.0 a 49.8 a 44.5 a 89.6 a 59.1 a 105.7 a
10 14.4 b 64.5 a 72.9 b 45.0 b 25.0 b 62.7 b 58.9 a 81.2 b
100 15.8 b 63.2 a 63.9 c 45.1 b 21.4 c 51.2 c 48.5 b 74.7 c
P > F **£ ns ** ** ** ** ** **
Nematode 0§ 17.0 a 61.7 a 85.5 a 48.8 a 34.8 a 81.1 a 59.8 a 99.9 a
X 17.4 a 69.5 a 76.5 b 45.8 b 29.3 b 67.1 b 55.2 b 82.5 b
2X 14.4 b 67.9 a 72.7 c 45.2 b 26.8 c 57.1 c 52.2 b 80.6 b
P > F ** ns ** ** ** ** ** **
Hybrid DK 50 18.8 a 68.9 a 78.1 a 46.9 a 31.2 a 73.1 a 59.3 a 92.6 a
P 8333 13.0 b 64.3 a 78.4 a 46.3 a 29.4 a 63.5 b 52.0 b 82.5 b
P > F ** ns ns ns ns ** ** **
FxN P > F ** ns ** ** ** ** ns **
FxH P > F ** ns ns ns ns ** ns **
NxH P > F ns ns ns ns ns ns ns ns
FxNxH P > F ns ns ns ns ns ns ns ns
Data are means of four replicates. Within each column and factor, values followed by the same letter 
are not different (P > 0.05) according to least significant difference.
t  0 ,1 0 ,1 0 0  colony forming units (cfu)/g soil for Macrophomina phaseolina.
$ ** indicates significance at P  < 0.01; ns = no significant difference according to analysis of 
variance.
§ Initial inoculum percentage for Tylenchorhynchus annulatus: Criconemella xenoplax were 52:48 
(X level = 929 nematodes/pot, 2X level = 1859 nematodes/pot), 43:57 (X level = 1139 nematodes/pot, 2X 
level = 2278 nematodcs/pot), and 38:62 (X level = 1445 nematodes/pot, 2X level 2890 nematodes/pot) for 
1992,1993, and 1994, respectively.
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Stem weight was reduced by M. phaseolina at both soil infestation levels in 1993 but only 
at the 100 cfu/g level in 1994. Across tests, mean stem weight reductions were 5 and 
14% at M. phaseolina levels of 10 and 100 cfu, respectively. The fungus reduced head 
weights in a stepwise manner in both 1993 and 1994. Reductions across tests were 34.2 
and 41.5% at 10 and 100 cfu, respectively.
Nematodes reduced root weight in all three tests (Table 2.1). In 1993 and 1994, 
root weight reductions were greater as nematode inoculum levels were increased. In 
1992, however, only the nematode inoculum at 2X level reduced root weight. Across 
tests, mean root weight reductions were 9 and 20%, respectively, at X and 2X nematode 
inoculum levels. In 1993 and 1994, nematodes reduced stem weight at both inoculum 
levels, but there were no differences between levels. Across tests, stem weights were 
reduced 7 and 10% at X and 2X nematode inoculum levels, respectively. Head weight 
was reduced by nematodes in both 1993 and 1994. In 1993, there was a stepwise 
reduction in head weight as nematode inoculum level increased, but there were no 
differences between inoculum levels in 1994. Reductions in head weight across tests 
averaged 17 and 21% at X and 2X nematode inoculum levels, respectively.
DK 50 plants generally were larger than those of P 8333 (Table 2.1). This was 
evident for root weight in 1992 and for all plant parameters in 1994.
Consistent fungus by nematode interactions which affected plant weights were 
detected in all three tests (Table 2.1). Examination of individual treatment means showed 
that these interactions were similar. The fungus by nematode interaction for root weight 
in 1993 is presented herein as an example (Fig. 2.1). When M. phaseolina was absent, 
an increase in nematode inoculum level resulted in a stepwise decrease in root weight.
This pattern was similar when M. phaseolina was present at 10 cfu/g, but the differences 
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No fungus 10 cfu 100 cfu
Macrophomina phaseolina (cfu/g soil)
Fig. 2.1. Grain sorghum root dry weight (at harvest) as influenced by 
nematode inoculum levels of X (1139 nematodes/pot [43% Tylenchorhynchus 
annulatus and 57% Criconemella xenoplax]) and 2X (2278 nematodes/pot 
[43% T. annulatus and 57% C. xenoplax]) and by Macrophomina phaseolina 
at infestation levels of 10 and 100 colony forming units (cfu)/g soil. Within 
each M. phaseolina infestation level, letters above bars indicate means that 
differed significantly (P < 0.05) according to least significant difference. 
Vertical lines delimit means for four replicates.
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Fungus by hybrid interactions were detected which influenced root weight in 1992 and 
both root and head weights in 1994 (Table 2.1). Examination of individual treatment 
means revealed a similar pattern for all interactions, and the data for root weight in 1992 
are presented in Fig. 2.2 as an example. Both levels of M. phaseolina in soil reduced 
root weight of P 8333 by about 50% but had no effect on DK 50.
Root colonization by M. phaseolina: Root colonization increased from 73 to 96% 
as M. phaseolina infestation level increased from 10 to 100 cfu/g soil (Table 2.2). In 
each test, low levels (4%) of root colonization by M. phaseolina were detected in control 
plants. Nematodes had minimal effect on root colonization by M. phaseolina. 
Colonization increased slightly at the 2X nematode inoculum level, but only in 1992. 
Hybrids did not differ in root colonization by M. phaseolina. A significant fungus by 
nematode interaction which influenced root colonization in 1992 showed that nematodes 
enhanced colonization by M. phaseolina, but only at the 10 cfu/g soil level.
Population density o f T. annulatus: In all three tests, reproductive value as well 
as total T. annulatus!pot were reduced when roots were colonized by M. phaseolina 
(Table 2.3). For both parameters, stepwise reductions were detected as fungal infestation 
level increased. Reproduction by T. annulatus was greater at X than at 2X nematode 
inoculum level in each test, but total T. annulatus per pot differed only in 1992. DK 50 
was a better host for T. annulatus than was P 8333, as indicated by greater nematode 
populations and reproductive values in 1992 and 1994.
Fungus by nematode interaction influenced reproductive values of T. annulatus in 
1992 and 1993. Examination of individual treatment means indicated that the interactions 
were similar in these tests. Therefore, data for 1993 are presented as an example (Fig.
2.3). At X nematode inoculum level, increasing fungus infestation level from 0 to 100 
cfu/g soil resulted in a stepwise reduction in nematode reproduction. At 2X inoculum 














Pioneer hybrid 8333 De Kalb DK 50
Fig. 2.2. Grain sorghum root dry weight (at harvest) as influenced 
by Macrophomina phaseolina at infestation levels of 10 and 100 colony 
forming units (cfu)/g soil. Within each hybrid, letters above bars indicate 
means that differed significantly (P < 0.05) according to least significant 
difference. Vertical lines delimit means for four replicates.
1̂ ] No fungus
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Table 2.2. Colonization of grain sorghum roots by Macrophomina phaseolina as 




Root colonization (%) 
1993 1994
Fungus ot 3 c 4c 4 c
10 74 b 72 b 73 b
100 94 a 98 a 98 a
P > F **£ ** **
Nematode 0§ 56 a 56 a 58 a
X 55 a 59 a 57 a
2X 60 b 59 a 59 a
P > F * ns ns
Hybrid DK 50 61 a 58 a 57 a
P 8333 55 a 59 a 58 a
P > F ns ns ns
FxN P > F * ns ns
FxH P > F ns ns ns
NxH P> F ns ns ns
FxNxH P> F ns ns ns
Data are means of four replicates. Within each column and factor, values followed 
by the same letter are not different (P > 0.05) according to least significant difference, 
f  0,10, and 100 colony forming units (cfu)/g soil for Macrophomina phaseolina.
$ * and ** indicate significance at P < 0.05 and 0.01 respectively; ns = no 
significant difference according to analysis of variance.
§ Initial inoculum ratios for Tylenchorhynchus annulatus : Criconemella xenoplax 
were 52:48 (X level = 929 nematodes/pot, 2X level = 1859 nematodes/pot), 43:57 (X 
level = 1139 nematodes/pot, 2X level = 2278 nematodes/pot), and 38:62 (X level = 1445 
nematodes /pot, 2X level = 2890 nematodes/pot) for 1992,1993, and 1994, respectively.
Table 2.3. Population densities of Tylenchorhynchus annulatus, Criconemella xenoplax, and combined totals as influenced by 
Macrophomina phaseolina infestation level, nematode inoculum level, and grain sorghum hybrid in microplot studies.
1992 1993 1994
T. annulatus C. xenoplax Combined T. annulatus C. xenoplax Combined T. annulatus C. xenoplax Combined 
____________ ____________ to tal ________  total ____________  total
Factor Level
per pot 

















Fungus 04 477 a 67 a 45 a 10 a 522 a 298 a 47 a 239 a 28 a 537 a 518 a 71 a 285 a 2 4 a 803 a
10 406 b 52 b 60 a 11 a 466 b 180 b 28 b 160 b 19 b 340 b 474 b 67 b 272 b 2 3 a 746 b
100 364 c 42 c 51 a 10 a 415 c 159 c 25 c 126 c 15 c 285 c 363 c 50 c 221 c 18 b 584 c
P > F **§ »* ns ns 4 * 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 44
Nematode X# 454 a 79 a 46 b 13 a 500 a 213 a 44 a 189 a 29 a 402 a 466 a 86 a 274 a 31 a 740 a
2X 386 b 34 b 57 a 8 a 443 b 212 a 22 b 161 b 12 b 373 b 442 a 41 b 246 b 14 b 688 b
P > F ** ** » ns 4 ns 4 4 * * 4 4 4 4 ns 4 4 4 4 4 4
Hybrid DK 50 431 a 59 a 49 a 11 a 480 a 214 a 33 a 181 a 21 a .395 a 472 a 65 a 270 a 23 a 742 a
P 8333 400 b 50 b 56 a 10 a 456 b 211 a 33 a 170 a 20 a 381 b 436 b 61 b 250 a 21 a 686 b
P > F 4 * • ns ns 4 ns ns ns ns ns 4 4 ns ns *
FxN P > F ** 4 4 ns • 4  4 ns 4 4 ns 4 4 ns ns ns ns ns ns
FxH P > F ns n s * ns ns ns ns ns ns ns ns ns ns ns ns
NxH P > F ns n s * * 4 ns ns ns ns ns ns ns ns ns ns
FxNxH P > F ns n s n s ns ns ns ns ns ns ns ns ns ns ns ns
Data are means of four replicates. Within each column and factor, values followed by the same letter are not different (P > 0.05) according to least significant 
difference.
fR  (reproductive value) = Pf/Pi, where Pf = final population density and Pi = initial inoculum density.
40, 10, and 100 colony forming units (cfu)/g soil for Macrophomina phaseolina.
§*and ** indicate significance at P < 0.05 and 0.01, respectively; ns = no significant difference according to analysis of variance.
^Initial inoculumratios for T. annulatus-. C. xenoplax were 52:48 (X level = 929 nematodes/pot, 2X level = 1859 nematodes/pot), 43:57 (X level = 1139 ^





















Fig. 2.3. Reproduction of Tylenchorynchus annulatus as 
influenced by nematode inoculum levels of X (1139 nematodes/pot [ 43% 
T. annulatus and 57% C riconem ella xenoplax]) and 2X (2278 
nematodes/pot [43%T. annulatus and 57% C. xenoplax]) and by 
Macrophomina phaseolina at infestation levels of 10 and 100 colony 
forming units (cfu)/g soil. R = Pf/Pi, where Pf = final population density 
and Pi = initial inoculum density. Within each nematode inoculum level, 
letters above bars indicate means that differed significandy (P < 0.05) 
according to least significant difference. Vertical lines delimit means for 
four replicates.
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either 10 or 100 cfu/g soil. A significant fungus by nematode interaction which 
influenced total T. annulatus per pot was detected only in 1992. Population totals were 
greater at X than at 2X nematode inoculum level, but only when M. phaseolina was 
absent.
Population density o f C. xenoplax: Population density and reproductive value of C. 
xenoplax were reduced by M. phaseolina in 1993 and 1994 but not in 1992 (Table 2.3). 
Stepwise increases in M. phaseolina infestation level resulted in concomitant reductions in 
total C. xenoplax per pot in 1993 and 1994 and in reproductive value in 1993.
However, reproductive value was decreased only at 100 cfu/g soil in 1994. Total C. 
xenoplax per pot was greater at X than at 2X nematode inoculum level in 1993 and 1994, 
but reproduction by this species was greater at X than at 2X level in all three tests.
Significant interactions between fungus and nematode were detected for 
reproductive value of C. xenoplax in 1992 and 1993. Examination of individual 
treatment means indicated that these interactions were similar in both years. Therefore, 
data for 1993 are presented in Fig. 2.4 as an example. At X nematode inoculum level, 
increasing fungus infestation level from 0 to 100 cfu/g soil resulted in a stepwise 
reduction in C. xenoplax reproductive value. At 2X level, however, nematode 
reproduction was reduced similarly at either 10 or 100 cfu/g soil. Significant interactions 
between nematode and hybrid for both reproductive value and population total of C. 
xenoplax were detected in 1992 only. On DK 50, reproductive value for C. xenoplax 
was greater at X than at 2X nematode inoculum level, which resulted in higher population 
totals per pot for this species at X inoculum level. Different results were obtained on P 
8333. Reproductive value for this species did not differ regardless of nematode inoculum 
level, so that final population total per pot at 2X level was about twice that at X level. A 
significant fungus by hybrid interaction for population total of C. xenoplax was detected 













Fig. 2.4. Reproduction of Criconemella xenoplax as influenced by 
nematode inoculum levels of X (1139 nematodes/pot [ 43% T. annulatus 
and 57% Criconemella xenoplax]) and 2X (2278 nematodes/pot [43% T. 
annulatus and 57% C. xenoplax]) and by Macrophomina phaseolina at 
infestation levels of 10 and 100 colony formation units (cfu)/g soil. R = 
Pf/Pi, where Pf = final population density and Pi = initial inoculum 
density. Within each nematode inoculum level, letters above bars indicate 
means that differed significantly (P < 0.05) according to least significant 
difference. Vertical lines delimit means for four replicates.
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population totals on P 8333 were higher at M. phaseolina level of 10 cfu/g than at 100 
cfu/g.
Total nematode community: In all three tests, increasing infestation level of M. 
phaseolina from 0 to 100 cfu/g soil resulted in a stepwise reduction in combined totals for 
both species per pot (Table 2.3). Across tests, reductions were 18 and 32% at fungus 
levels of 10 and 100 cfu/g soil, respectively. The effect of nematode inoculum level was 
consistent in all three tests. Combined totals for both nematode species per pot was 
reduced as nematode inoculum level was increased from X to 2X . In 1992 and 1994, 
higher combined totals were detected on DK 50 than on P 8333.
A significant interactions between fungus and nematode was detected for 
combined totals for both nematode species in 1992 only. At X nematode inoculum level, 
combined totals for both species per pot was reduced similarly at both 10 and 100 cfu/g 
of M. phaseolina infestation levels. At 2X nematode inoculum level, however, 
combined total per pot was higher at 10 than at 100 cfu/g level for M. phaseolina. In 
1992, a significant interaction between nematode and hybrid was detected for combined 
total per pot. On DK 50, total nematode number was higher at X than at 2X nematode 
inoculum level. On P 8333, however, nematode numbers did not differ regardless of 
nematode inoculum levels.
Discussion
Most reports indicate that grain sorghum yield losses are primarily related to 
lodging caused by M. phaseolina (2.12,2.17). Under severe lodging, yield losses of 23- 
64% on high-yielding grain sorghum hybrids are not unusual (2.23). Although lodging 
did not occur in the present study, M. phaseolina reduced head dry weights, expression 
of yield potential in this study, by as much as 52%. Moreover, our data demonstrate that 
increasing the infestation level of M. phaseolina from 10 to 100 cfu/g soil increased root 
colonization from 73 to 96%, respectively. Francl (2.11) reported that soybean seed
yield (g/m2) were reduced consistently when density of M. phaseolina in soil increased 
from a range of 0-7 cfu to 7-9 cfu/5 g soil. Orr (2.25) reported that Meloidogyne 
incognita stunted plants, delayed blooming, and suppressed yield by 30% under field 
conditions. In another study, M. incognita race 3 reduced grain sorghum yield by 45% 
(2.35). Our study indicates that T. annulatus and C. xenoplax in combination cause 
reduction in grain sorghum yield by as much as 20%.
Several major endoparasitic nematodes can affect severity of charcoal rot disease 
(2.28). It has been suggested that physiological changes in nematode-infected root 
tissues, such as alteration of nutritional content of root tissue or increase in production of 
growth factors, may provide a more favorable substrate for fungal development (2.30). 
Evidence that isolates of M. phaseolina efficiently utilize stress-related nitrogenous 
compounds, such as asparagine and proline (2.27), may explain the strong positive 
relationship between M. phaseolina and the soybean cyst nematode, Heterodera glycines, 
to enhance the severity of charcoal rot disease on both cyst resistant and susceptible 
soybean cultivars (2.34). French bean root rot caused by M. phaseolina was nearly twice 
as severe when roots also were colonized by M. incognita as when the nematode was 
absent (2.3). The cyst and root knot species colonize vascular tissue and, therefore, 
directly affect water relations (2.3,2.21,2.34). The two nematodes used in this study, T. 
annulatus and C. xenoplax, are primarily ectoparasites and consequently less damaging 
compared to the cyst and root knot nematodes. This might explain why root colonization 
by M. phaseolina was enhanced by these nematodes only in 1992, and only when the 
fungus was at the highest infestation level.
The combined effects of nematodes and M. phaseolina on head and root weights 
together were significantly more damaging than the effects of either pathogen alone.
These data support previous reports showing combined effects of M. phaseolina and 
nematode that resulted in greater damage to plants (2.2,2.13,2.24). Infestation of
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Ligustrum japonicum with M. phaseolina and Meloidogyne javanica resulted in greater 
plant weight reduction, leaf abscission, and twig die-back than when either pathogen 
occurred alone (2.2). Similarly, the combined effect of M. javanica and M. phaseolina on 
chickpea caused greater reductions in fresh and dry weights of shoot and roots than that 
caused by either organism alone (2.13). Also, the effects of Pratylenchus hexincisus and 
M. phaseolina together on sorghum yield were greater than the effect of either pathogen 
alone (2.24). Growth of cowpea (Vigna unguiculata), however, was not affected by M. 
phaseolina and Heterodera cajani in any combination (2.36), and no significant 
differences in plant weights among any M. incognita and M. phaseolina treatment 
combination were detected on French bean (2.3).
Interaction between M. javanica and M. phaseolina appeared to be antagonistic on 
chickpea (2.13), whereas the effects of M. phaseolina and P. hexincisus on grain 
sorghum yield were additive (2.24). In this study, antagonistic interactions between M. 
phaseolina and nematode species were found on root and head dry weights. That is, 
combined effects were less than the sum of the effect of each pathogen alone.
Antagonistic interactions can be caused by a spatial occupation or physical alteration or 
destruction of feeding sites, or by a physical alteration of the host that decreases its 
suitability (2.28). M. phaseolina is a root-inhabiting fungus with little or no saprophytic 
growth in either soil or dead host cells (2.7,2.22). Tylenchorhynchus commonly feeds 
on epidermal cells and root hairs (2.5,2.38). Criconemella prefers cortical cells further 
back in the root and forms modified cortical food cells (2.37). The similarity in modes of 
parasitism of these three pathogens affects the degree of competition between the species, 
and may explain the antagonistic interaction detected in the present study.
The effects of M. phaseolina on reproduction by nematodes parasitic on sorghum
(2.24) and other crops (2.3,2.4,2.31,2.34) have been reported. Nematode reproduction 
can be inhibited (2.3,2.31), not affected (2.4,2.24), or favored (2.34) by M. phaseolina.
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Population densities of the soybean cyst nematode, Heterodera glycines, were related 
positively to soybean root colonization by M. phaseolina in soybean plants (2.34), 
Simultaneous infestation of soil with Meloydogyne javanica and M. phaseolina resulted in 
lower populations of the nematode in soil as well as on reduced galling on ground nut 
roots (2.31). An antagonistic effect of M. phaseolina on M. incognita reproduction was 
also reported (2.3). Infection and reproduction by Meloydogyne incognita on French 
bean were adversely affected by M. phaseolina when the fungus was introduced two 
weeks prior to the nematode. In the present study, reproduction by both T. annulatus and 
C. xenoplax generally was suppressed by M. phaseolina in all three years.
Because co-parasitism of grain sorghum roots by several plant-parasitic 
nematodes and M. phaseolina is common in nature, interactions between and among these 
pathogens may influence not only their reproduction but also their parasitic ability. Our 
study found that T. annulatus and C. xenoplax cause significant damage to grain 
sorghum. Antagonistic interactions between the charcoal rot fungus, M. phaseolina, and 
these nematodes were observed consistently throughout these studies. Evidence from 
this study indicates that an important interactions exist between the two nematode species 
and M. phaseolina, and that the effect of these nematodes in addition to M. phaseolina 
may be of greater importance to sorghum production than the effect of the fungus alone. 
Experiments with both nematode species are in progress to determine the nature of the 
interactions between these species.
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CHAPTER 3
CO M PETITIO N  BETW EEN TYLENCH O RH YNCH U S AN N U LATU S  
AND C RIC O N EM E LLA XE N O P LA X  ON GRAIN SORGHUM 
(SORGHUM BICOLOR  ) COLONIZED OR NOT COLONIZED 
BY M ACROPHOM INA PH A SEO LIN A
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Introduction
The stunt nematode, Tylenchorhynchus annulatus (Cassidy) Golden, and the ring 
nematode, Criconemella xenoplax (Raski) Luc & Raski (= Mesocriconema xenoplax 
(Raski) Loof & de Grisse), are the most abundant nematode species on grain sorghum 
(Sorghum bicolor (L.) Moench) in Louisiana (I. Wenefrida, unpublished data). T. 
annulatus is widely distributed in tropical and subtropical areas of the world (3.2).
Lateral root feeding by this species results in root pruning, and heavy root-tip feeding 
causes severe stunting and necrosis. C. xenoplax has a broad host range including 
sorghum (3.18,3.20,3.21). This nematode species has been implicated as a component 
of the peach disease syndrome known to cause premature tree mortality (3.12). Both 
nematodes are ectoparasites. They inhabit the same niche and their modes of parasitism 
are similar, which suggests that these nematodes may compete with each other.
Competition between certain species in Tylenchorhynchus and Criconemella has 
been studied under greenhouse conditions (3.10). Competition between 
Tylenchorhynchus martini and Criconemoides ornatus, measured by reduction in 
nematode numbers, was greater than that between T. martini and Belonolaimus 
longicaudatus or C. ornatus and B. longicaudatus. Results, however, varied depending 
on cultivar. A recent study (3.6) of nematode competition utilized a replacement series 
technique, commonly used in ecology research, to study competition between plant 
species (3.8,3.16). Using this technique, Erwin et al. (3.6) showed that reproduction of 
the reniform nematode, Rotylenchulus reniformis, was not affected by Meloidogyne 
incognita, whereas reproduction by M. incognita was stimulated in the presence of R. 
reniformis. This method also has been adapted to evaluate competitive interactions among 
fungal pathogens. For example, Adee et al. (3.1) found that Pyrenophora tritici-repentis 
was a better competitor on the wheat leaf surface than was Septoria nodorum. In mixed 
inoculations, Phytophthora palmivora usually was near expected proportions for final
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propagule density from soil and for citrus root infection, whereas P. parasitica 
proportions were nearly always depressed (3.22).
A previous study examined interrelationships among C. xenoplax, T. annulatus 
and the charcoal rot fungus, Macrophomina phaseolina, on grain sorghum (Chapter 2). 
The results indicated that both nematode species and M. phaseolina were pathogenic and 
caused grain yield reductions, and that the interactions between these two nematode 
species and M. phaseolina were antagonistic with regard to both plant weights and 
nematode reproduction (Chapter 2). However, competition between these two nematode 
species on grain sorghum roots has not been evaluated. Therefore, the objectives of this 
study were: 1) to determine the nature of competition between T. annulatus and C. 
xenoplax using the replacement series methodology; 2) to examine effects of M. 
phaseolina on competition between T. annulatus and C. xenoplax, and 3) to evaluate 
individual and combined effects of these three organisms on growth of grain sorghum in 
the greenhouse.
M aterials and Methods 
M. phaseolina inoculum: Isolates of M. phaseolina were collected in 1991 from 
lower stems of grain sorghum plants at Winnsboro, LA, in a field that had been cropped 
continuously to grain sorghum for 12 years. Cultures of the fungus were maintained at 4 
C as mycelia and microsclerotia on wood toothpicks (3.11). Inoculum was produced in 
quantity by transferring 20-25 5-mm-d agar plugs from 5-7 day old cultures to glass trays 
containing 300 g com cob grits (60 mesh, BIO-SERV, Frenchtown, N.J.) that were 
moistened with 1 L of potato dextrose broth (Difco, Detroit, MI). This mixture of 
mycelia, microsclerotia, and grits was incubated at 30 C for 60 days, dried in a forced air 
oven at 30-35 C for 3 days, and powdered using a mortar and pestle. Numbers of colony 
forming units (cfu) per gram of dry inoculum were determined by dilution plating on 
potato dextrose agar (Difco, Detroit, MI) amended with rifampicin (100 mg dissolved in 1
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ml dimethyl sulfoxy), metalaxyl (224 mg a.i. as Ridomil 2E-G), and Tergitol NP-10 (1 
ml). Rifampicin, metalaxyl, and tergitol were added after the medium was autoclaved and 
cooled to 55 C (3.4).
Nematode inoculum: Populations of both C. xenoplax (3.13) and T. annulatus 
(3.7) were separated by hand-picking from communities which also contained trace 
amounts of lesion and spiral nematodes. Monoxenic cultures of these two 
parthenogenetic nematode species were derived from single females, identified and 
maintained in a greenhouse on Pioneer hybrid 8333 grain sorghum, and used in all 
experiments.
Experiment design: Two experiments were conducted in 1995 in the greenhouse 
at 25-35 C. Planting and harvest dates were November 16 and February 29 (Expt. 1), 
and March 6 and June 21 (Expt. 2). Supplementary light from fluorescent and 
incandescent sources (ca. 260 (lE m-2 s-1 at bench surface) provided a 16 h light :8 h dark 
photoperiod. Pots were 30 cm diameter and contained 1.5 kg fumigated (98% methyl 
bromide, 2% chloropicrin, 1.6 g/kg) Convent silt loam soil (coarse-silty, mixed, non­
acid, thermic Aerie Fluvaquent; 80.3% sand, 5.8% silt, and 13.9% clay). Soil was not 
infested or infested with M. phaseolina at 10 cfu/g soil at the beginning of each 
experiment.
Grain sorghum (Pioneer hybrid 8333) seeds were germinated on moist filter paper 
in darkness at 30 C and sown in flats of fumigated soil. Two weeks later, seedlings of 
uniform size were transplanted singly to pots. Soil was amended with 112.5 kg/ha N (as 
(NFL^NOs) and K (as KC1) according to soil test recommendations. Half of these 
fertilizers were added to soil at transplanting and the remainder was added 7 days later.
Nematode inoculum was added four days after transplanting. Suspensions 
containing appropriate number of nematodes for each T. annulatus : C. xenoplax ratio
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were pipetted into four depressions (4- and -10 cm deep by 1 cm-d) surrounding the base 
of the seedling. Following infestation, depressions were filled with fumigated soil.
Treatments were twelve nematode inoculum ratios established in soil that was 
either infested or not infested with M. phaseolina at 10 cfu/g soil. Treatment 
combinations were replicated four times in all experiments. For the purpose of 
replacement series, five nematode inoculum level was held constant at 1,000 vermiform 
individuals per pot, but the ratios of the two nematode species varied with treatment. 
Ratios of T. annulatus : C. xenoplax employed were 1.00:0.00, 0.75:0.25, 0.50:0.50, 
0.25:0.75, and 0.00:1.00. Seven additionaltreatments, including reduced nematode 
densities (250, 500, and 750 individuals of each species in single culture) and a non­
inoculated control were also included. These reduced-densities comparable to those 
contained in the ratio treatments were included to examine if nematode population data at 
lower inoculum levels predicted by the replacement series model were representative of 
the actual population that developed from these lower inoculum levels.
Data collection and analysis: Plants were harvested 105 days after transplanting. 
Stems were excised 2.5 cm above the soil line, and dry weights (72 h, 60 C) for roots 
and tops were recorded. Four soil cores (2.5 cm diam by 3.0 cm deep) were collected 
from each pot at harvest, and 100 g subsamples were used to estimate nematode 
population densities in soil. Soil for nematode analysis was extracted using the 
centrifugal-flotation technique of Jenkins (3.9). Adults and juveniles of each nematode 
species were counted, and population totals per pot and reproductive values (R, where R 
-  Pf/Pi, Pf = final population density, and Pi = initial inoculum level) were computed.
For analysis of replacement series data, population totals for each nematode 
species were expressed as relative yields. Yield is defined as the total number of 
nematodes recovered from soil for each species. Relative yield for each species is 
determined by dividing its yield in mixed culture or in single culture (at reduced-density)
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by its yield in single culture at the standard nematode inoculum density of 1,000 
nematodes per pot. The observed relative yield value for each species is plotted against 
the inoculum ratio. For each species, observed relative yield lines were compared 
statistically with predicted lines to determine whether inter- or intra-specific competition 
occurred. If the yield of each species is directly proportional to that in the original 
inoculum, no competition exists.
Statistical analysis of data for replacement series consisted of two parts. For each 
nematode species, observed relative yield lines were compared statistically with predicted 
lines using lack-of-fit regression (3.5). Paired t-tests then were used to determine which 
observed means differed significantly from corresponding points on the predicted line.
Population density and reproductive values for each species, as well as plant 
weights and root colonization by M. phaseolina, were subjected to analysis of variance 
using SAS general linear models procedure (3.15) to test for treatment effects. When the 
number of treatment levels exceeded two, means were separated using the Tukey-Kramer 
test (3.15).
Results
In single culture, from both soil infested and not infested with M. phaseolina, 
lack-of-fit tests indicated that the observed relative yield lines for both nematode species 
differed significantly from predicted lines (Fig. 3.1). In the absence of M . phaseolina, 
paired r-tests indicated that relative yields for both T. annulatus (Fig. 3.1 A) and C. 
xenoplax (Fig. 3.1 B) were significantly higher than predicted yields at inoculum ratios of
0.25:0.00 and 0.50:0.00. When soil was infested with M. phaseolina at 10 cfu/g, relative 
yields for T. annulatus (Fig. 3.1 A) were significantly higher than predicted yields at 
inoculum ratios of 0.25:0.00 and 0.50:0.00, whereas those for C. xenoplax (Fig. 3.1 B) 
were significantly higher at 0.00:0.250, 0.00:0.50, and 0.00:0.75. Relative yields of T. 







No fungus (F=5.5851, F=0.0256) 
-O—  M. phaseolina (10 cfu/g soil)
(F=7.7692, F=0.0096)
  Predicted
No fungus (F=8.6296, P=0.0067) 
O—  M. phaseolina (10 cfu/g soil) 
(F=5.2126, P=0.0350)
  Predicted
T. annulatus C. xenoplax
Fig. 3.1. Relative yields of Tylenchorhynchus annulatus and Criconemella xenoplax populations in single 
culture. Total initial inoculum density at 1.00 was 1,000 vermiform individuals/pot. Data points are means of four 
replicates from each of two experiments. Predicted lines indicate equal inter- and intraspecific competition. Soil 
was not infested or infested with Macrophomina phaseolina at 10 colony forming units (cfu)/g soil. Relative yield 
= yield at each level/1,000.
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predicted by the model. This indicates that relative yields were not directly related to their 
proportion in the inoculum. In general, observed relative yield values for each species 
were significantly higher than values predicted in the replacement series model.
Population density ofT. annulatus: Final population totals for T. annulatus in 
single culture were similar at inoculum ratios of 1.00:0.00, 0.75:0.00, and 0.50:0.00, 
and were reduced only at the 0.25:0.00 (Fig. 3.2 A). When C. xenoplax was included in 
inoculum, population totals for T. annulatus were generally lower than those at 
comparable levels without C. xenoplax, except for 0.25:0.75 (Fig. 3.2 A). In both single 
and mixed cultures, the reproductive values for T. annulatus increased steadily as 
numbers of T. annulatus in inoculum decreased (Fig. 3.2 B)
Root colonization by M. phaseolina consistently lowered population totals and 
reproductive values of T. annulatus at all nematode inoculum ratios (Fig. 3.2). Analysis 
of variance showed no interaction between M. phaseolina and nematode inoculum ratio, 
which indicates that the magnitude of reductions caused by the fungus was similar across 
all ratios (Fig. 3.2).
Population density ofC. xenoplax: Final population totals for C. xenoplax in 
single culture were similar at 1.00:0.00, 0.75:0.00, and 0.50:0.00 inoculum ratios and 
reduced only at the 0.25:0.00 (Fig. 3.3 A). In mixed culture, lower population totals of 
this species was detected only at the inoculum ratio o f 0.25:0.75 than that at comparable 
level without T. annulatus (Fig. 3.3 B). As with T. annulatus, in both single and mixed 
cultures, reproductive values for C. xenoplax increased as numbers of C. xenoplax in 
inoculum decreased (Fig. 3.3 B).
The effect of M. phaseolina on C. xenoplax was similar to that on T. annulatus. 
Root colonization by the fungus consistently lowered population totals and reproductive 
values at all nematode inoculum ratios (Fig. 3.3).
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Fig. 3.2. Population totals and reproductive values (R) of 
Tylenchorhynchus annulatus from single and mixed culture as influenced by 
nematode inoculum ratio (total density at 1.00 was 1,000 vermiform 
individuals/pot) and Macrophomina phaseolina at 10 colony forming units (cfu)/g 
soil. R = FF/Pi, where Pf = final population density and Pi = initial population 
density. Within each M. phaseolina level, letters above bars indicate means that 
differed significantly (P  <0.05) according to Tukey - Kramer test. Within each 
nematode inoculum ratio, * indicates means that differed significantly at P < 0.05 





















T. annulatus 0.00 0.00 0.00 0.00 0.25 0.50 0.75
C. xenoplax 1-00 0.75 0.50 0.25 0.75 0.50 0.25
Fig. 3.3. Population totals and reproductive values (R) of Criconemella 
xenoplax from single and mixed culture as influenced by nematode inoculum ratio 
(total density at 1.00 was 1,000 vermiform individuals/pot) and Macropho mina 
phaseolina at 10 colony forming units (cfu)/g soil. R =Pf/Pi, where Pf = final 
population density and Pi = initial population density. Within each M. phaseolina 
level, letters above bars indicate means that differed significantly (P < 0.05) 
according to Tukey - Kramer test. Within each nematode inoculum ratio, * 
indicates means that differed significantly at P < 0.05 according to paired t - test.
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Plant dry weights: T. annulatus reduced grain sorghum top weights similarly at all 
inoculum ratios when M. phaseolina was not present (Fig. 3.4 A), however, when soil 
was infested with the fungus at 10 cfu/g, no effect of T. annulatus on top weight could be 
detected. Weights of sorghum roots were reduced by T. annulatus alone, but only at 
inoculum ratios of 1.00:0.00 and 0.75:0.00 (Fig. 3.4 B). Competition between T. 
annulatus and C. xenoplax was evident in root weight data. Mixture of low level of C. 
xenoplax inoculum with T. annulatus (0.75:0.25) lowered the effect of T. annulatus on 
root weight.
M. phaseolina reduced grain sorghum top weights only in the non-inoculated 
control (Fig. 3.4 A). Reductions in root weight caused by the fungus were detected in 
nematode inoculum ratios that included low levels of T. annulatus alone (0.25:0.00) or in 
combination with C. xenoplax (0.25:0.75, 0.50:0.50) (Fig. 3.4 B).
C. xenoplax affected top weight of grain sorghum only when soil was not infested 
with M. phaseolina (Fig. 3.5. A). Top weights were reduced similarly across all 
nematode inoculum ratios. However, root weights were not affected by C. xenoplax at 
any tested ratios. Reduction in grain sorghum root weight caused by M. phaseolina were 
detected only in nematode inoculum ratios that included moderate levels of C. xenoplax 
alone (0.00:0.50) or mixed with T. annulatus (0.50:0.50, 0.25:0.75) (Fig. 3.5 B).
D iscussion
Several investigators (3.10,3.14) have studied competition among plant parasitic 
nematodes, including species of Tylenchorhynchus and Criconemella, on several hosts. 
Johnson (3.10) found that Belonolaimus longicaudatus suppressed population of 
Tylenchorhynchus martini, indicating that B. longicaudatus was a better competitor than 
T. martini on several bermudagrass cultivars. In a green house test (3.14), 
Macrophostonia xenoplax was reported as a better competitor than Meloidogyne hapla 
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T. annulatus 0.00 1.00 0.75 0.50 0.25 0.75 0.50 0.25
C. xenoplax 0.00 0.00 0.00 0.00 0.00 0.25 0.50 0.75
Fig. 3.4. Top and root weights of grain sorghum as influenced by 
Tylenchorhynchus annulatus inoculum ratio in single and mixed culture (total 
inoculum density at 1.00 was 1,000 vermiform individuals/pot) and Macrophomina 
phaseolina at 10 colony forming units (cfii)/g soil. Within each M. phaseolina level, 
letters above bars indicate means thta differed significandy (P < 0.05) according to 
Tukey - Kramer test. Within each nematode inoculum level, * indicates significant (P 
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T. annulatus 0.00 1.00 0.00 0 00 0.00 0.75 0.50 0.25
C. xenoplax 0.00 0.00 0.75 0.50 0.25 0.25 0.50 0.75
Fig. 3.5. Top and root weights of grain sorghum as influenced by 
Criconemella xenoplax inoculum ratio in single and mixed culture (total inoculum 
density at 1.00 was 1,000 vermiform individuals/pot) and Macrphomina phaseolina 
at 10 colony forming units (cfu)/g soil. Within each M. phaseolina level, letters 
above bars indicate means that differed significantly (P < 0.05) according to Tukey - 
Kramer test Within each nematode inoculum level, * indicates significant (P < 0.05) 
according to paired t - test.
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goal was to quantify the competitive interaction between T. annulatus and C. xenoplax on 
grain sorghum using the replacement series. Using this method, Erwin et al. (3.6) found 
that on soybean, Rotylenchulus reniformis was a better competitor than Meloidogyne 
incognita. In the current study, however, we found that the relative yields of each 
nematode species obtained from single culture were significandy higher than those 
predicted by the model. Therefore, the observed relative yields were not directly 
proportional to their inoculum ratios in the starting mixture because the reproduction of 
each species was generally greater at low inoculum levels than that at high inoculum 
levels. The lowest initial population level of both species used in this study approximate 
the pre-plant population usually recovered from sorghum field in Louisiana (I. Wenefrida, 
unpublished data). Since chosen inoculum levels were representative of actual nematode 
levels in the field, we did not feel justified to reduce inoculum levels for the sole purpose 
of modifying data to fit a model. Therefore, analysis of variance was used for all 
parameters.
The effects of nematode species on each other population of each species are 
generally related to the nature of parasitism. Competition is more severe between species 
with similar feeding habits. The modes of parasitism between the two ectoparasitic 
nematode species included in this study were similar (3.19,3.17). T. annulatus is a 
primitive parasite, feeding only on epidermal cells and root hairs (3.19). While C. 
xenoplax belongs to the group with feeding habits similar to that of T. annulatus, it feeds 
as an ectoparasite for prolonged periods on a single-root cortical cell without destroying 
the cell (3.17). In this study we found that C. xenoplax was more antagonistic to T. 
annulatus than the reverse. T. annulatus was generally suppressed by C. xenoplax, 
whereas C. xenoplax was not affected by T. annulatus. In greenhouse tests,
Pratylenchus penetrans suppressed reproduction of T. martini by 75-90% red clover 
(3.3). The effects of C. xenoplax on several other nematode species have been reported
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(3.14). Santo and Bolander (3.14) reported that C. xenoplax suppressed population of 
Meloidogyne hapla on grape. Conversely, Nyczepyr et al. (3.12) reported that C. 
xenoplax did not affect reproduction potential of Meloidogyne incognita even after 37 
months. In the present study, T. annulatus suppressed C. xenoplax even at low T. 
annulatus:C. xenoplax inoculum ratios. Similarly, T. martini was reported to suppress 
Criconemella ornatus on bermudagrass, whereas no interaction was detected between T. 
martini and Belonolaimus longicaudatus or between C. ornatus and B. longicaudatus 
(3.10).
Pathogenicity of T. annulatus and C. xenoplax on Pioneer hybrid 8333 grain 
sorghum was detected in this study. T. annulatus reduced root weight, and both T. 
annulatus and C. xenoplax alone and in combination reduced stem weight. No interaction 
was detected between T. annulatus and C. xenoplax, however, for effects on plant 
weights. In the previous microplot studies (Chapter 2), combined inoculation of T. 
annulatus and C. xenoplax severely reduced both root and head weights. In that study, 
however, interaction between the two nematode species could not be evaluated due to 
limitation of the experimental design used.
The effect of T. annulatus to decrease root weight was evident only at the higher 
levels (1.00:0.00 and 0.75:0.00) in single culture. This suggests that high level 
(0.75:0.25) of T. annulatus in the inoculum mixture may have been in competition with 
C. xenoplax, thus reducing the impact of T. annulatus on root weight.
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In both microplots and greenhouse studies, we found that Macrophomina
phaseolina, the charcoal rot fungus was very damaging to grain sorghum (Sorghum 
bicolor). Even though lodging, the most common symptom of charcoal rot disease, was 
not present; the fungus caused significantly high yield reduction.
Tylenchorhynchus annulatus and Criconemella were very damaging to grain 
sorghum. Yield reduction was detected in the association of T. annulatus with grain 
sorghum. Although C. xenoplax alone did cause damage to grain sorghum, in 
combination with T. annulatus, however, C. xenoplax reduced root weights.
Combined effects from these three pathogen on grain sorghum have not been 
reported. Data from our study demonstrate that the effect of the pathogens in combination 
is greater than the effect of each pathogen alone. Competition between these pathogens 
exists. The interaction between the two pathogens, whenever detected, was generally 
antagonistic with regard to both plant weights and nematode parameter.
Based on the results from this study, we are convinced tha t: M. phaseolina, as 
well as T. annulatus and C. xenoplax, are pathogenic to grain sorghum and can be very 
damaging. Since grain sorghum is commonly grown as rotation crop following soybean 
and M. phaseolina also an important pathogen on soybean, pathogenicity of M. 
phaseolina isolate from sorghum should be evaluated on soybean.
Areas for Future Research
Statistical evidence documenting interrelationships between and among pathogens 
is accumulating. Despite the progress, however, detailed investigations on the 
physiological and chemical basis underlying the interactions are lacking. Such 
investigations are necessary and will lead to a better understanding of the disease 
complexes. Results from this study identify several research topics that might lead to 
better comprehension of pathogen interactions.
If the mechanisms of competition between the three pathogen was more than just 
mechanical destruction or physical occupation of feeding sites, do these pathogens induce 
physiological changes in the host's suitability or attractiveness?.
1. Works involving the physiology of nematode infections is necessary. Do these 
nematode species interfere with nutrient availability in plants? Research involving plant 
tissue analysis for nutrient contents may be an important consideration.
2. There are several reports of toxin production by Macrophomina phaseolina such as 
cytochalasin-like toxin. Does the toxin influence reproductive capability of 
Tylenchorhynchus annulatus and Criconemella xenoplax? In vitro studies to evaluate the 
effects of this toxin on nematode reproduction would be very useful.
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